I. INTRODUCTION
In situ laser processing in a scanning electron microscope (SEM) and a focused ion beam (FIB) have been demonstrated previously by Funatsu et al. 1 and Hwang et al. 2 where sample heating and enhanced ion beam induced deposition, as well as laser assisted chemical vapor deposition (LCVD), were demonstrated, respectively. This capability, still relatively limited, can offer tremendous utility for direct-write micro-and nano-scale synthesis that is routinely performed in a SEM and FIB system. LCVD in the SEM and FIB can be a valuable complementary technique to focused ion and focused electron beam induced processing. In addition, the focused laser can be used for localized thermal treatments (e.g., annealing), which can enable in situ observation of phase transformations, can be coupled with energy dispersive x ray analysis for in situ chemical analysis for thermodynamic and kinetic information, and can be used with electron backscatter diffraction for in situ structural information. Finally, the confluence of thermal processing and standard focused electron and ion beam induced processing could be of significant interest as room temperature deposition typically yields high carbon containing deposits due to the molecular composition of the organometallic precursor gases used. [3] [4] [5] Some organometallic precursor gases have been shown to form deposits that can be annealed ex situ to achieve high purity metals. 6 The goal of this work is to demonstrate the capabilities and results using a laser delivery system for localized irradiation and heating of samples in a SEM.
In the work described here, we briefly introduce a system used to locally deliver a sub-millimeter focused high-power (multiple watts) laser spot to a sample inside a conventional SEM or dual scanning electron/ion beam system. Transient and steady state surface temperatures from room temperature to over 2000 C have been achieved using near-infrared light from a semiconductor diode laser module. The delivered laser power can be continuous, or pulsed down to submicrosecond durations at repetition rates of up to 100 kHz or more by using current modulation. While previous systems have used micromachined optical fibers that were manipulated in very close proximity to the substrate, 2 this lensed probe is less invasive since the optics can be configured to allow multiple-millimeter working distances. Thus collateral damage to the optical system from micro/nanoscale processing is minimized. Subsequently, we demonstrate some preliminary functionality realized with the laser delivery probe including laser-induced chemical vapor deposition, localized thermal annealing of silicon (sufficient to melt the silicon), laser post-annealing of electron-beam induced deposition of gold nanostructures, and in situ real-time scanning electron imaging of pulsed laser-induced dewetting of thin metal films.
II. EXPERIMENTAL SETUP
A schematic diagram of the experimental setup used in this work is shown in Fig. 1(a) . SEM/FIBs used for the current work included a Zeiss XB1540 CrossBeam TM and an FEI Nova 600 NanoLab DualBeam TM . The laser delivery probe was mounted on one of the ports on the SEM/FIB chamber. Alignment of the laser delivery probe with the electron and ion beams is achieved with six alignment a) Author to whom correspondence should be addressed; electronic mail:
prack@utk.edu screws located on the exterior of the port of the SEM/FIB chamber by using the SEM image and an IR camera. The IR camera is used for a coarse alignment with features seen in the SEM image and the camera, and the SEM image is used for a fine alignment by depositing a thin metal film with a low melting point and relatively high absorption at the laser wavelength ($10 nm Ni film in this case). In some experiments, a gas injection system (GIS) from Omniprobe (OmniGIS V R ) or FEI was used, mounted on another port. The laser delivery probe is translated along its axis under computer control to focus the laser spot on the sample. The sample surface was tilted toward the laser delivery probe for some experiments reported below, and for others was normal to the electron beam.
Several different versions of a vacuum-sealed laser delivery probe were designed and built by Omniprobe, Inc., all having multimode fiber delivery and miniature optics to image the fiber end face onto the sample, with varying (de)magnifications to control the optical spot size at the sample. This configuration combines the convenience of power delivery using fiber optics with the versatility of bulk optics to tailor working distance and spot size. Some versions were capable of simultaneous microscopic sample imaging using a digital video camera. Depending on the focal length of the final lens, laser spots of approximately 50 and 100 lm diameter on the sample were obtained at normal incidence and at optical working distances of 3-8 mm. Additionally, the laser spot diameter is adjustable by varying the focus position along the probe axis. The distal end of an in vacuo laser delivery probe containing miniature optics and having an outside diameter near the tip of less than 3.5 mm is shown in the photograph [ Fig. 1(b) ]. The main shaft of the probe is 6.35 mm in diameter.
A fiber-pigtailed 915 nm 25 W multichip diode laser module (Oclaro, BMU25B-915-01) on a temperature-controlled mount was driven by a 10 A quasi-cw pulsed diode laser driver (IXYS Colorado/Directed Energy, PCX-7410) in order to control the laser power, pulse width, and duty cycle. The optical transmission of two versions of the laser delivery system enabled total incident laser powers at the sample of up to 21.4 and 18.4 W for 50 and 100 lm diameter laser spots, respectively. As will be demonstrated, this apparatus can achieve high irradiance at the surface of the substrate. To avoid damage to any components within the chamber (detectors, etc.) the laser is only operated when focused onto the substrate and positioning of the probe was such that the reflected (although diverging) beam is not in the path of the detectors. The PCX-7410 driver allows for continuous wave operation of the laser up to 12 W output and pulsed mode up to 23 W (at up to 95% duty cycle). The programmable pulse width range of the driver is nominally 100 ns to 475 ms; however, the optical pulse width was measured to exactly match the nominal setting only to just below 10 ls, and 1 ls pulse widths resulted in ringing oscillations for a significant portion of the pulse length (several hundred nanoseconds) due to the internal inductance of the laser module and the fast rise time of the current waveform. However, the rise and fall times of the laser and drive combination were measured to be between 20 and 30 ns, and sub-microsecond optical pulses at full amplitude were obtainable.
III. RESULTS AND DISCUSSION
LCVD was performed using the trimethyl-(methylcyclopentadienyl) platinum(IV) ((MeCp)Pt(Me 3 )) precursor gas, which was locally injected using an Omniprobe OmniGIS gas injection system. The laser assist in this case is assumed to be pyrolytic, based on the relatively long wavelength of the laser, which has a photon energy (<1.4 eV) insufficient to photolytically dissociate the precursor.
2,7-9 Figure 2 shows Pt deposition on a silicon substrate via an LCVD process which was accomplished using $5.9 W ($300 kW/cm 2 with a 50 lm diameter laser spot), 100 ms pulse width, and 50% duty cycle over a 100 s total exposure time. The Pt deposit shows a concave depression suggestive of the nonuniform radial temperature distribution and signs of reacting (and possibly melting via a Pt-Si eutectic) with the underlying Si substrate across the laser spot forming a platinum silicide. The area of the deposit can also be varied by using different focusing optics, or increased by defocusing the laser spot on the sample.
Another useful capability enabled by the laser delivery probe is in situ thermal treatment. Thermal treatments, such as annealing and hardening, are routinely performed with high power laser diodes. 10, 11 Adding this capability to a SEM or SEM/FIB system allows for imaging at the nanoscale during the thermal treatment process. In Fig. 3 we show examples of the heating capabilities of the laser delivery system on a Si substrate. Figure 3 (a) shows SEM images of the heat-affected zone of a Si substrate exposed to different irradiance (top row) and pulse widths (bottom row). Figure 3(b) shows the simulated temperature evolution of the surface of the Si substrate for different pulse widths at a fixed laser power at the substrate surface of approximately 3.8 W (194 kW/cm 2 with a 50 lm diameter laser spot). The peak surface temperature of the substrate is a function of the spot size, pulse width, and laser power as well as the thermal and optical properties of the substrate (heat capacity, thermal conductivity, and emissivity, reflectivity, absorption coefficient). Figures 3(c) 
within the substrate which demonstrates that the thermal penetration depth is dependent on the pulse width. One major issue with SEM imaging during thermal processing is thermal drift (motion) of the substrate, which can cause poor image quality. 1 Reducing the thermal penetration depth and therefore the effective heating depth and time results in less thermal drift. Ideally surface heating of the substrate can be achieved without significant heating of the entire substrate. Short pulse widths and high powers produce the best results for minimized bulk substrate heating and reduced thermal drift. As described by Kennedy et al., 10 Li, 11 and Doubenskaia and Smurov, 12 all of the relevant laser processing regimes (annealing, melting, and ablation) of pulsed and continuous wave solid state laser processing can be achieved, as power density can easily be controlled via a combination of laser power and focus, and the temperature can be controlled via the power density (up to $1.2 MW/cm 2 and $300 kW/cm 2 for the 50-and 100-lm diameter laser spots, respectively) and the pulse width which, depending on the choice of laser source, can range from tens of nanoseconds to continuous wave.
One specific area of thermal treatment of recent interest is for the purification of EBID structures via annealing. Annealing of EBID structures is typically performed ex situ via standard heating methods. 13 Recent work by Mulders et al. showed an improvement in EBID purity with the use of a heated stage during the EBID process. Increasing the substrate temperature showed an increase in purity, but with further increases in temperature a reduced growth rate and even thermally stimulated deposition occurred.
14 An important application for EBID in which deposit purity is of significant importance includes integrated circuit repair and editing. 4 In this case, bulk-heating methods can be detrimental to other chip components. The use of localized pulsed laser heating could mitigate damage to thermally sensitive areas while resulting in the same, if not better, post annealing properties. The surface temperature and heat affected zone can be controlled by varying the laser power and pulse width. Additionally, application specific laser spot sizes can be used when necessary. Figure 4 shows the gold-to-carbon ratios of these gold EBID structures on a titanium substrate after undergoing different laser annealing treatments. The EBID structures are 500 nm Â 500 nm squares that are approximately 250 nm thick. The structures were deposited from dimethyl (acetylacetonate) gold(III) (Me 2 Au(acac)) precursor gas using an FEI GIS. The depositions were performed with a 5 keV and 400 pA beam with a 10 ls dwell time for a total of 5 min. The base chamber pressure was below 1 Â 10 À6 Torr prior to depositions. In each of these cases the laser power was adjusted from 0 (as-deposited samples) to 234 kW/cm 2 , while using a constant pulse width of $500 ns at a frequency of 100 kHz, yielding a 5% duty cycle. The annealing process was performed for 5 min in each case. As mentioned, these optical pulses likely exhibited ringing associated with the system inductance as was observed for pulse widths of less than 1 ls. The gold-tocarbon ratios were obtained by energy dispersive x ray spectroscopy (EDS) measurements of the deposits and the composition estimated using the system sensitivity factors. Also plotted in Fig. 4 are the expected gold to carbon ratios of the precursor molecule (dimethyl-(acetylacetonate) gold(III)) and the expected ratio when individual carbon atoms are progressively removed from the molecule. The gold-to-carbon ratios of the as-deposited structures agree well with recent results by Wnuk et al., 15 who showed through x ray photoelectron spectroscopy that one carbon atom was removed from the molecule during the electron beam induced dissociation. Our EDS measurements show that an average of two additional carbon atoms are removed from the molecule throughout the deposit with the laser annealing process at 234 kW/cm 2 . The SEM images appear to show that the surface of the structure is composed of higher purity gold while the underlying deposit likely remains stoichiometrically similar to the as-deposited material.
A limitation of a laser anneal of a deposit, as with other anneals, is that the laser can only remove carbon at or near the surface, leaving a large concentration of carbon remaining in the bulk, 13 depending on the surface-to-volume ratio of the deposit. Insets (a) and (b) of Fig. 4 show SEM images of as-deposited and annealed gold EBID structures, respectively. A morphological change, as well as a change in contrast, is obvious between these two images. The surface of the annealed deposit shows a collection of gold particles where carbon atoms have been removed, leaving voids. Based on the EDS measurements the bulk/matrix of the deposit still contains some carbon. Longer annealing times could potentially allow for additional carbon to diffuse out of the deposit leaving only pure gold. Botman et al. 6 also showed a comparable reduction of carbon concentration from approximately 85 to 25 at. % in deposits from the dimethyl-(acetylacetonate) gold(III) precursor gas by annealing at 500 C in oxygen. The deposits made by Botman et al. in Ref. 6 were approximately 1.8 lm Â 1.8 lm and 200 nm thick.
Gold EBID structures were also deposited onto four-point probe structures to obtain resistivity measurements of the deposits as an additional comparison of the purity of the deposit. Figure 5(a) shows the measured resistivity of laser annealed and as-deposited gold lines across four-point probe devices. Figures 5(b) and 5(c) show SEM images of the asdeposited and laser annealed gold lines on the four-point probe devices, respectively. One as-deposited structure is compared to three differently annealed structures. The annealed structures were exposed to the same laser conditions and for the same total time. Table I describes the annealing process for each sample measured in Fig. 5 . Laser annealing and EBID was performed for the same total time in each of the laser annealed samples, but was performed in a layer-by-layer fashion as noted by the number of layers. In the layered approach, a fraction of the total gold EBID stack was deposited and then laser annealed for the same fraction of the total laser annealing time. The resistivity measurements show a 2 orders of magnitude reduction in the resistivity of the deposit by laser annealing. These results exhibit a greater improvement than that previously reported via standard post-annealing in various ambients. 6 Additionally, the same morphological change was observed in each of the annealed structures on the four-point probe devices as was seen with the pads in Fig. 4 . Finally, the laser delivery system enabled us to observe the pulsed laser induced dewetting evolution of metal films in real-time. Based on the estimated irradiance and optical properties, and the resultant time scale, the dewetting is believed to occur in the solid state. Dewetting time scales in the solid state are much slower than in the liquid state, enabling the ability to observe hole formation, rim retraction, and the formation of the resulting nanoparticles. Figure 6 shows SEM images of the dewetting process of a 10 nm Au film on SiO x subjected to 100 ms pulse widths (20% duty cycle) at approximately 51 kW/cm 2 . Figure 6(a) shows the as-deposited Au film, Fig. 6(b) shows the film after 30 s of pulsed laser irradiation, and Fig. 6(c) shows the film at equilibrium after 85 s. Figures 6(d)-6 (f) show higher magnification images of the same film at longer times where a hole has formed and the retraction of the edges is observed. 16 Thin film and patterned thin film instabilities in both the liquid [17] [18] [19] and solid state [20] [21] [22] [23] [24] are being studied as selfdirected assembly methods for organized functional nanoparticle arrays. Clearly the ability to observe the dynamics in real time in the SEM will enhance the understanding of thin film instabilities as well as other dewetting dynamics, which could lead to an improved ability to manipulate and assemble nanostructures. Additionally, one can envisage the benefit observing in real time various thermally induced processes exploiting other energetic electron interactions such as EDS and wavelength dispersive x ray spectroscopy for in situ chemical analysis, and electron backscattered diffraction for in situ crystal structure analysis.
In each application of in situ laser processing the laser power and pulse width can be varied to control the surface temperature and penetration depth (thermal budget). Additionally, the wavelength and pulse shape of the laser can be adjusted for the specific application and material system.
IV. CONCLUSIONS
A new laser delivery system for in situ materials processing in a SEM/FIB is described, and several applications are briefly explored and demonstrated. Specifically, laser induced chemical vapor deposition of Pt is demonstrated using a standard gas injection system on the dual-beam SEM/FIB system. Laser melting of silicon as a function of both laser power and pulse width is also shown and the peak temperature and heating depth is illustrated as a function of irradiance and pulse width. Laser annealed Au EBID deposits are shown to decrease the carbon content and to reduce the resistivity of the deposits by approximately 2 orders of magnitude. This is slightly improved relative to what was previously observed after an ex situ post-deposition anneal. Greater improvements could still be possible by performing more anneals throughout the growth of the deposit, and eventually implementing a synchronized in situ EBID/laser assist process to remove carbon on a layer-by-layer level. It is also speculated that in situ laser processing during EBIE could also be used to produce faster etch rates and also to eliminate redeposition of etch products. 25 Finally, in situ secondary electron imaging of pulsed laser induced dewetting is performed for a thin gold film on SiO x . TABLE I. Details of the samples measured in Fig. 5 . In each case the pulse width was 500 ns at a frequency of 100 kHz. The final deposit thickness was 250 nm in each case. 
